Background and Hypothesis: The inflammatory response was targeted by unsuccessful therapies but ignored pathogen. We hypothesized that the inflammatory response differs according to organism in human septic shock. Materials and Methods: We measured 39 cytokines at baseline and 24 h in patients (n = 363) in the Vasopressin and Septic Shock Trial (VASST). We compared cytokine profiles (cytokine functional class) at baseline and at 24 h by organism and used hierarchical clustering to classify cytokines according to 28-day outcomes. Results: In 363 patients, 88 and 176 patients had at least 1 species isolated from blood and other sites, respectively. Cytokine levels differed significantly according to organism: Neisseria meningitidis and Streptococcus pneumoniae had the highest (baseline and at 24 h), while Enterococcus faecalis (blood) had the lowest mean cytokine levels. N. meningitidis and Klebsiella pneumoniae had significantly higher cytokine levels at baseline versus 24 h (p = 0.01 and 0.02, re-spectively); E. faecalis had significantly higher cytokine levels at 24 h versus baseline. Hierarchical clustering heat maps showed that pathogens elicited similar cytokine responses not related to the functional cytokine class. Conclusion: The organism type induces different cytokine profiles in septic shock. Specific gram-positive and gram-negative pathogens stimulated similar plasma cytokine-level patterns.
Introduction
Septic shock is increasingly common with high, but declining short- [1] and long-term mortality rates [2] . Many different pathogens [3] cause septic shock, and organism type and site of infection may be an important determinant of outcome [4] . Recently, the prevalence of gram-positive bacteria has increased and is similar to or even higher [5] than the prevalence rate of gram-negative infections [6] [7] [8] . However, about two-thirds of patients with septic shock never have positive blood cultures and about one-third have no positive cultures from any site [9, 10] .
A meta-analysis of 510 studies found that gram-negative bacteremia was associated with a significantly higher mortality than gram-positive bacteremia [11] , implying that organism gram type should be incorporated into the risk stratification of randomized controlled trials (RCTs) in septic shock. However, Zahar et al. [12] found no difference in mortality rates according to organism gram type.
Several physiological responses to infection in septic shock are similar according to gram type such as the hemodynamic response [13] [14] [15] , but there is no correlation between the organism gram type and the presence or severity of sepsis-associated coagulopathy [16] . Therefore, 2 assumptions were often made: first, proinflammatory mediators were of similar importance in septic shock regardless of the gram type and, second, that inhibition of proinflammatory mediators in all patients, independent of infecting organism gram type, was unlikely to cause harm.
The host inflammatory response has been targeted by many unsuccessful therapies (e.g., anti-tumor necrosis factor [TNF] [17] , TNF receptor [18] , interleukin [IL]-1ra [19] , anti-IL-6, tissue factor pathway inhibitor [20] ). However, different inflammatory response according to organism type could explain in part the lack of success of prior RCTs because prior RCTs targeted pooled patients regardless of organism. There are hints that organism type might be an important determinant and predictor of response to anti-inflammatory therapies. For example, p75 soluble TNF receptor treatment was efficacious in patients with gram-negative sepsis but possibly harmful in patients with gram-positive sepsis [18, 21] , and corticosteroids, platelet-activating factor antagonists, and antiendotoxin therapies had some benefit in gram-negative sepsis but no effect in gram-positive sepsis [22] .
Prior studies of gram types of organisms and the human host cytokine response (as reflected by plasma levels) are contradictory with studies showing both differences and similarities according to organism gram type [23] [24] [25] further clouding the interpretation of prior trials in which patients were pooled regardless of organism type. We hypothesized that the inflammatory response at baseline and at 24 h differs according to organism, as opposed to gram type, in patients with septic shock.
Materials and Methods

Subjects
The Vasopressin and Septic Shock Trial (VASST) [10] was a multicenter randomized double-blind controlled trial of vasopressin plus norepinephrine versus norepinephrine alone in septic shock (Current Controlled Trials number ISRCTN94845869). Eth-ics approval was obtained for the VASST study from the University of British Columbia/Providence Health Care Research Ethics Board. Written informed consent was obtained from all patients, their next of kin, or another surrogate decision maker. The VASST study enrolled 778 patients who were older than 16 years of age and had septic shock, defined by the presence of 2 or more systemic inflammatory response syndrome criteria [26] , proven or suspected infection, new dysfunction of at least 1 organ, and hypotension despite adequate fluid resuscitation (lack of response to 500 mL normal saline) and requiring vasopressor support of at least 5 mg/min of norepinephrine (or equivalent) for 6 h. Important exclusion criteria were unstable coronary syndromes, acute mesenteric ischemia, severe chronic heart disease (New York Heart Association class III and IV), and vasospastic diathesis. Of these patients, 363 had blood plasma samples taken at baseline (enrolment at a median of 12 h following meeting septic shock inclusion criteria) and 24 h later. Since we studied the impact of pathogens on the inflammatory response, we excluded patients who had negative cultures.
Plasma Cytokine Assay
In this study, we included patients for whom we had both baseline and 24-h plasma samples. A panel of 39 cytokines were measured in duplicate by Luminex MAG 39plex multiplex bead assay on a 100/200 System (Luminex Corporation, Austin, TX, USA) according to the manufacturer's specifications. Positive and negative controls were assayed on each plate. The cytokines measured were (using both current and historical naming) CCL11 (Eotaxin), CCL2 (MCP1), CCL22 (MDC), CCL3 (MIP1a), CCL4 (MIP1B), CCL7 (MCP3), CD40LG (CD40Ligand), CSF2 (GMCSF), CSF3 (GCSF), CX3CL1 (Fractalkine), CXCL1 (GRO), CXCL10 (IP10), EGF (EGF), FGF2 (FGF2), FLT3LG (Flt3L), IFNA2 (IFNa2), IFNG (IFNG), IL10 (IL10), IL12B (IL12B), IL12P70 (IL12P70), IL13 (IL13), IL15 (IL15), IL17A (IL17), IL1A (IL1a), IL1B (IL1B), IL-1RN (IL1RA), IL2 (IL2), IL2RA (IL2RA), IL3 (IL3), IL4 (IL4), IL5 (IL5), IL6 (IL6), IL7 (IL7), IL8 (IL8), IL9 (IL9), LTA (TNFB), TGFA (TGFa), TNF (TNFA), and VEGFA (VEGF).
Values were reported by the assay system in pg/mL; these were converted to molar concentrations using Ensembl mature peptide amino acid sequences and molecular weights calculated using pepstats from the EMBOSS 4.1.0 software.
Microbiology
All culture results for the 48 h prior to and after inclusion in VASST as reported by each site's clinical microbiology laboratory were recorded. Organisms were classified as gram positive or negative according to conventional definitions.
Statistical Methods
Comparison of Cytokine Levels All statistics were calculated using the base stats package of the R statistical language. Cytokine levels were compared using t test with Welch's method for unequal variance (t test method). Multiple-comparison adjustment was done using false discovery rate (FDR) of Benjamini-Hochberg method, using p. adjust method; adjusted values are reported as p adj , p adj < 0.05 was taken as significant. Cytokine levels were log10-transformed before comparison to make their distribution approximately normal.
Cytokines with values of zero were assigned to 1/2 the minimum cytokine level detected overall for any cytokine to allow logtransformation.
For clustering, the hclust method was used for hierarchical clustering with method parameter = complete and euclidean dissimilarity matrix using transformed cytokine concentrations. Visualization was done with heatmap function. The t test for comparison of subgroups used Welch's method as above.
We also separated the 39 different cytokines into 6 groups according to their proposed mode of action as described by us previously [27, 28] .
Results
Patient Demographics and Microbiology
Patients were typical of septic shock (e.g., mean age 63 years, predominantly male [60%]; Table 1 ). The most common site of infection was the lungs followed by abdomen in both patients with positive blood cultures and positive cultures at other sites, and gram-positive bacteria were more commonly isolated than gram-negative bacteria ( Table 1) . Of the 363 patients, 264 patients (72.7%) had at least 1 organism isolated from at least 1 site. Of these, 88 patients (33.3%) had at least 1 organism isolated from blood and 176 (66.7%) had at least 1 organism isolated from other sites, such as urine, sputum, and wounds. In the remaining analyses, culture-negative patients (n = 99) were excluded.
There were no significant differences between patients with positive blood cultures and patients with positive cultures from other sites except for APACHE II and lactate. The most common bacteria in the positive blood culture group were S. aureus, Escherichia coli, and Streptococcus pneumoniae. 
Plasma Cytokine Levels at Baseline and 24 h According to Organism
Patients with the gram-negative Neisseria meningitidis (n = 7) and the gram-positive S. pneumoniae (n = 20) isolated from blood had the highest mean cytokine levels both at baseline and at 24 h (Fig. 1a, b) . Patients with the gram-positive Enterococcus faecalis (n = 7) and the fungus Candida species (n = 19) in blood cultures had the lowest mean cytokine levels. Of the 8 different pathogens isolated from blood, patients with all but E. faecalis and Candida had higher mean cytokine values at baseline compared to at 24 h ( Fig. 1c) . Of the patients with gramnegative pathogens, patients who had N. meningitidis and Klebsiella pneumonia (n = 18) isolated had significantly higher cytokine levels at baseline compared to at 24 h (p adj = 0.01 and 0.02, respectively). In contrast, patients with E. faecalis isolated had significantly lower cytokine levels at baseline versus 24 h (p adj < 0.01).
Different organisms had significantly different cytokine levels (Table 2a , b); in these tables, the results of comparisons of 2 groups are shown (top category vs. side category) with number of significant differences in the bottom row. For example, patients with cultures positive for K. pneumoniae had significantly lower cytokine levels than N. meningitidis in blood (p adj = 1.65E-5, first column third row of Table 2a ). Patients with N. meningitidis and S. pneumoniae isolated from blood had significantly higher mean normalized cytokine levels compared to all other pathogens isolated from blood or other sites except for N. meningitidis isolated from sputum (N. meningitidis, other site Table 2b ).
Plasma Cytokine Clusters According to Organism
Heat maps were constructed that showed that different organisms of the same gram type elicited very different cytokine responses that did not cluster together ( Fig. 2a , online suppl. Fig. 1a -c, for all online suppl. material, see www.karger.com/doi/10.1159/000500418). We found 2 larger clusters in both blood and other sites at baseline and 24 h ( Fig. 2a, online suppl. Fig. 1a-c) . The gram-negative N. meningitidis elicited the highest response and clustered with the gram-positive S. pneumoniae when isolated from blood cultures ( Fig. 2a , online suppl. Fig. 1a) . In blood and other culture sites, E. faecalis and Candida consistently had the lowest cytokine responses.
The 39 cytokines were separated into 6 groups according to their proposed mode of action [27, 28] . Pro-and anti-inflammatory cytokines clustered together at base- line and at 24 h ( Fig. 2a, online suppl. Fig. 1a-c) with the exception that Streptococcus pyogenes (n = 6) switched to the high cytokine cluster trading place with K. pneumoniae ( Fig. 2a , online suppl. Fig. 1a-c) . In blood cultures, N. meningitidis and S. pneumoniae plasma cytokine levels were significantly higher than all other species, while E. faecalis had significantly lower plasma cytokine levels compared to all other organisms in blood or other sites overall (Table 2a ).
Discussion
We found that the inflammatory response at baseline and at 24 h differed according to organism, as opposed to gram type, in patients with septic shock, both among organisms isolated from blood or from other sites in patients who had septic shock. N. meningitidis, S. pneumonia, and K. pneumoniae elicited the highest inflammatory response as indicated by significantly higher plasma cytokine levels; the gram-positive E. faecalis, the gram-negative E. coli, and the fungus Candida were associated with the lowest plasma cytokine levels. Furthermore, the inflammatory response at baseline in patients with positive blood cultures clustered into 2 distinct groups of high and low plasma cytokine levels. For most organisms, the baseline plasma cytokine levels were higher than at 24 h except for E. faecalis in blood and S. aureus and K. pneumoniae from other sites.
Surprisingly, the cytokine response was very similar in gram-positive and gram-negative organisms. All organism types are ligands for various Toll-like receptors that signal comparable inflammatory responses. Gram-positive organisms activate the immune system through TLR-2, whereas gram-negative organisms stimulate TLR-4 [29] . Our findings suggest that there is another more level of organism-specific control of the inflammatory response in septic shock as assessed by plasma cytokines because we found significant differences in the inflammatory response according to specific organism.
The cytokine responses differed between patients with positive blood versus other culture sites. One possible explanation is that blood culture positivity elicits a different immune response because of the need for a more rapid and potent sustained response than when organisms are not present in blood. Another possible explanation is that the organisms isolated from other nonblood sites were not infecting pathogen but were colonizing organisms.
Plasma cytokine levels were higher at baseline and decreased by 24 h for most organisms (except for E. faecalis in blood and S. aureus and K. pneumoniae from other sites), aligning with our prior finding that survivors have greater decreases of cytokine levels than nonsurvivors [27, 28] .
Our findings that gram type is not associated with the level of inflammatory response are consistent with studies showing that there were no differences between patients with gram-positive versus gram-negative infections and the presence of sepsis-associated coagulopathy [16] .
Strengths of our study include the multicenter design, a large sample size, detailed microbiology results from clinical laboratories (a feature of pragmatic design), measurement of 39 plasma cytokines, chemokines, and growth factors, and use of hierarchical and functional cytokine class clustering.
There are limitations of our study. First, we did not measure organism load and that could have differed according to specific organism, thereby altering the rate and degree of cytokine response. Second, we used clinically available cultures from the clinical sites in VASST and that adds some variability in terms of both when cultures were taken (this was not protocolized) and laboratory procedures for organism detection. The study is retrospective, and we did not have access to the information on the clinical judgment whether a pathogen was considered relevant or not and we did not have information regarding initial adequate antimicrobial treatment and source control. Another limitation is that sicker patients have higher cytokine levels independent of organism or that patients who have community-acquired sepsis (e.g., N. meningitidis) have higher cytokine levels and are seen earlier in their illness. In the VASST study, there was community-and hospital-acquired sepsis, but the current study was not adequately powered to analyze these subgroups further. We have not analyzed or evaluated the issue of mixed isolates herein because we were interested in the individual organism associations with outcomes. Finally, we do not have specific information on the laboratory methods for microbial diagnostics which were the standard accredited clinical hospital laboratory methods at each site.
Also, we measured plasma cytokines at baseline and at 24 h, so our interpretations are limited to early responses in plasma according to organism in septic shock. We measured 39 cytokines in plasma at baseline and at 24 h so cannot imply associations of organism and other inflammatory markers at later time points. Despite our large sample size, the subgroups of organism type were too small to assess the relationship of specific organism and mortality. J Innate Immun 2020;12:182-190 DOI: 10.1159/000500418
In conclusion, the inflammatory response at baseline and at 24 h in human septic shock differed according to organism, as opposed to gram type. Patients with septic shock display unique early cytokine profiles according to organism type but not gram type. The gram-negative N. meningitidis, the gram-positive S. pneumonia, and the gram-negative K. pneumoniae elicited the highest cytokine responses. In contrast, the gram-positive E. faecalis, the gram-negative E. coli, and the fungus Candida were associated with the lowest plasma cytokine levels. Larger trials that modulate the inflammatory response in septic shock may benefit by evaluating the therapies in subgroups according to the specific organism rather than according to organism gram type.
